Preterm infants are at an increased risk of invasive pneumococcal disease infection and, additionally, have a diminished response to Haemophilus influenzae type b (Hib) conjugate vaccines. There are little data examining the response of preterm infants to a seven-valent pneumococcal conjugate vaccine (PCV7). We examined the responses of preterm infants immunized at 2, 3, and 4 months of age to PCV7. A total of 133 preterm and 54 term infants were immunized with PCV7 and the Neisseria meningitidis group C (MCC), diphtheria, tetanus, pertussis, polio, and Hib vaccines. Pneumococcal serotype-specific IgG was measured by enzyme-linked immunosorbent assay (ELISA) pre-and postimmunization and at 12 months or following a booster of PCV7. Term and preterm responses were compared using linear and logistic regression analyses. Term infants had higher preimmunization geometric mean concentrations (GMCs) for all serotypes. Preterm infants had lower postimmunization GMCs for serotype 23F. Gestational age affected postimmunization GMCs for serotypes 4, 6B, and 23F. Preterm infants were as likely to have levels of >0.35 g/ml as term infants for all serotypes except 23F. The proportions of infants with titers of >0.35 g/ml for all 7 serotypes were comparable between groups. A total of 28 of 29 term infants who received a booster had levels of >0.35 g/ml for all serotypes. One infant had undetectable levels for serotype 6B. Of the 32 preterm infants boosted, 9 had levels of <0.35 g/ml for 1 serotype, and 1 had levels of <0.35 g/ml for 2 serotypes. In nonboosted infants, GMCs for all serotypes except 6B had fallen by 12 months of age. These results support the need for a booster dose in the second year of life.
The primary immunization schedule of the United Kingdom (UK) is continually evolving. While a vaccine may be demonstrated to be immunogenic in one population when administered according to one schedule, apparently, minor changes to that schedule can have an adverse effect on vaccine response. Preterm infants are at an increased risk of many of the infections we immunize against, for example, pertussis (9) . Almost half the children who develop pertussis are under 4 months of age (9) . Preterm infants are currently recommended to be vaccinated at the same chronological age as term infants rather than at the same age postconception.
The UK primary immunization schedule in place between September 2004 and September 2006 consisted of a combined vaccine against diphtheria, tetanus, pertussis, polio, and Haemophilus influenzae type b (diphtheria-tetanus-acellular pertussis [DTaP]/inactivated polio vaccine [IPV]/Haemophilus influenzae type b [Hib]) (Pediacel; Aventis Pasteur MSD) and a conjugate vaccine against Neisseria meningitidis group C (MCC) given at 2, 3, and 4 months of age, with no booster in the second year of life (5) . In 2002, the chief medical officer advised that children under 2 years of age at risk of invasive pneumococcal disease (IPD) should receive three doses of the seven-valent pneumococcal conjugate vaccine (PCV7; pneumococcal capsular polysaccharide conjugated to the carrier protein CRM 197 ), with their primary immunizations followed by a booster in the second year of life (4) . Infants were considered to be at increased risk of IPD if they had a chronic respiratory, cardiac, renal, or liver disease or an immunodeficiency. Many preterm infants are included in these categories.
A postal questionnaire survey of 73 UK neonatal intensive care units highlighted the fact that many preterm infants who are at an increased risk of IPD were not being adequately immunized because of the lack of evidence that these infants are protected by the conjugate pneumococcal vaccine (11) . This survey indicated that many infants who were immunized were not receiving the recommended booster dose in the second year of life. In the UK immunization schedule at this time, none of the other vaccines in the primary schedule were boosted.
The immunogenicity of PCV7 when administered to preterm infants according to the then-current UK immunization schedule was examined and compared to the response of a cohort of term infants that was previously described. As many preterm infants were not routinely receiving their 12 -month booster, we also measured antibody levels at 12 months of age.
MATERIALS AND METHODS
This study was approved by the Newcastle and North Tyneside Local Research Ethics Committees and the Medicines and Healthcare Research Authority.
Power calculation. The power calculation was carried out a priori. Previous studies have demonstrated 97% efficacy of the PCV7 vaccine in term infants immunized at 2, 4, and 6 months of age, according to the U.S. schedule (5) . Therefore, assuming 90% of control subjects and 78% of preterm infants would achieve putatively protective levels, a sample size of 200 preterm subjects and 50 term subjects would have 91% power using a 5% two-sided test.
Subjects. All infants were recruited from the Royal Victoria Infirmary (RVI), Newcastle upon Tyne, UK. Recruitment of preterm infants took place between June 2004 and April 2006, and recruitment of term infants took place between April and June 2005. All infants at Ͻ36 weeks of gestation who had required respiratory support during the neonatal period were eligible if the majority of their neonatal care occurred at the RVI. Healthy infants at Ն37 weeks of gestation born at the RVI during the recruitment period were eligible as controls. Written informed consent was obtained from the parents of all participants.
Exclusion criteria were significant congenital abnormalities. In addition, any term infants who had required any medical intervention except for phototherapy prior to recruitment were excluded.
Immunization of preterm infants. The study design did not intervene in the timing of vaccine administration or brand of vaccine used for the preterm infants. This observational design allowed immunization of all study infants as per normal local practice and according to the standard UK schedule. Infants who did not complete their primary series by the end of their first year of life or who had not received one dose of PCV7 by 6 months of age were excluded from the study; infants were not otherwise excluded on the basis of timing of their immunizations.
The immunization schedule at the time of the study included vaccines against diphtheria, tetanus, polio, pertussis, Hib, and meningococcal serogroup C (MenC) at 2, 3, and 4 months of age for all infants and PCV7 at the same times for infants considered to be at an increased risk of IPD. In addition, some infants also received immunization against influenza and monoclonal immunoglobulin against respiratory syncytial virus (palivizumab).
Prior to September 2004, DTaP/Hib combination vaccines were supplied packaged as a single vaccine (ActHib DTaP). Neonatal inpatients received the inactivated polio vaccine (IPV) simultaneously with their other immunizations, and outpatients received the live oral polio vaccine. Following this time, all infants received the combined "5 in 1" 5-component acellular pertussis vaccine DTaP/ IPV/Hib (Pediacel; Aventis Pasteur MSD).
Information regarding the timing, brands, and batches of immunizations that preterm infants received were collected from hospital records, general practitioner (GP) feedback forms, and parent-held patient records. The majority of immunizations were carried out by the GPs.
Immunization of term infants. Term infants were immunized at 2, 3, and 4 months of age by the research team in the patients' homes. They received immunizations from the same batch of DTaP/IPV/Hib (Pediacel; Aventis Pasteur), as well as a MCC-CRM 197 conjugate vaccine, Meningitec (Wyeth Vaccines), and Prevenar (Wyeth Vaccines), with no additional immunizations.
Infants who received a booster dose of PCV7. The study was not initially designed to examine the responses of infants to a booster dose of the vaccine. However, when the preliminary analysis of the term infants was performed, their response was lower than expected. Therefore, infants who had not achieved putatively protective levels to all serotypes following the primary immunization course were recommended to receive a booster dose of the vaccine as soon as these results were available, regardless of their age. Some preterm infants had already had their 12-month blood samples taken before the results post-primary immunization were known. These infants were included in the analysis of the group of infants who had not received a booster but were recommended to receive a booster dose of PCV7 at the end of the study. The research team administered the vaccine to term infants who fell into this category, and GPs were asked to administer the vaccine to the preterm infants.
Serology. Venous blood samples were obtained prior to the first immunization, 4 weeks following the third immunization, and either at 12 months of age or 4 weeks after a booster dose of PCV7. Blood samples were allowed to clot at room temperature, and the sera were separated and stored at Ϫ80°C until analysis. Pneumococcal serotype-specific IgG antibody concentrations for all PCV7 serotypes and 2 control serotypes (serotypes 1 and 5) were analyzed by enzymelinked immunosorbent assay (ELISA) at Newcastle University using a standardized protocol which included capsular polysaccharide and serotype 22F capsular polysaccharide adsorption testing (www.vaccine.uab.edu).
Statistical analysis. Differences in timings of immunizations and sampling were compared using the Mann-Whitney U test.
For statistical analysis, all samples below the lower limit of detection of an assay were assigned values of half the lower limit of detection. Antibody concentrations were log transformed, and geometric mean concentrations (GMCs) were calculated with 95% confidence intervals (CI). Putatively protective levels for all pneumococcal serotypes were defined as pneumococcal serotype-specific titers of Ն0.35 g/ml, in line with WHO recommendations (15) .
The probability of achieving pneumococcal serotype-specific titers of Ն0.35 g/ml after 3 immunizations was modeled using logistic regression and presented as an odds ratio (OR). The effect of prematurity on GMCs was analyzed using censored linear regression with normally distributed residuals and presented as GMC ratios. Normality was assessed using residual plots. The regression analysis was modeled with entry in blocks. The factors known a priori to influence antibody response are, in this case, the time between the first and third PCV7 administration, time between completion of immunizations and postimmunization blood sampling for the postimmunization results, age at 12-month sampling, and interval between booster and postbooster sampling for 12-month and postbooster results, which were entered in the first block, with the major study 
RESULTS
Parents of 189 preterm and 197 term infants were approached to take part in the study; 165 preterm and 55 term infants were recruited. Recruitment of preterm infants was consistent throughout the study period. The progress of all infants throughout the study is given in Fig. 1 . There were 132 preterm and 52 term infants who had both pre-and postimmunization samples collected, 32 preterm and 29 term infants who had sera collected following a fourth dose of PCV7, and 73 preterm and 23 term infants who had sera collected at 12 months without having received a fourth dose of PCV7.
Demographic data for the study population and for infants who received a fourth dose of PCV7 are given in Tables 1 and  2 , respectively. A total of 64 of the 132 preterm infants were born at 28 weeks of gestation or earlier. Despite recommendations during the study period that all infants should receive their primary immunizations at a postnatal age of 2, 3, and 4 months, there was considerable variability, especially among preterm infants (Table 2 ). Due to the time between postimmunization samples being collected and analyzed as well as problems contacting parents of older infants, there was also significant variation in the timing of booster immunizations for those who required it and the postbooster blood sampling (Table 2) .
Pre-and postimmunization GMCs and the number of infants achieving putatively protective levels against each serotype are given in Table 3 . Although some infants did have putatively protective antibody levels against some serotypes prior to immunization, none had these levels against all 7 vaccine serotypes. Although preimmunization antibody titers were lower in preterm infants for 8 of 9 serotypes tested, the significantly lower postnatal age at which preterm infants had this sample collected may identify a more marked difference. When age in days was included into the regression model, preimmunization titers of all serotypes, except those of serotype 1, remained significantly lower for preterm infants than term infants (P Ͻ 0.01). Preimmunization GMCs for all 9 serotypes increased significantly with each week of gestation (P Ͻ 0.02).
For term and preterm infants, GMCs increased from pre-to postimmunization for all 7 vaccine serotypes (4, 6B, 9V, 14, 18C, 19F, and 23F) but not for the 2 control serotypes (1 and 5). However, only 19 (36%) term infants and 45 (34%) preterm infants achieved putatively protective levels against all 7 vaccine serotypes, with only 38 and 39% of infants, respectively, achieving these levels against serotype 6B. Preterm delivery was associated with a lower GMC to serotype 23F and reduced odds of achieving putatively protected levels to that serotype (P Ͻ 0.01) but did not affect the response to the other vaccine serotypes. The effect of gestation in weeks on GMCs and the proportion of infants achieving putatively protective levels postimmunization for each serotype are given in Table 4 . There was no significant difference in the odds of being protected against all 7 vaccine serotypes between term and preterm infants or with increasing gestational age.
The GMCs at 12 months of age were significantly lower than postimmunization GMCs for all serotypes (P Ͻ 0.03), except serotypes 1, 5 (nonvaccine control serotypes), and 6B (P Ͻ 0.06) ( Table 5 ). There was no significant difference in rate of decline in titers for term and preterm infants (data not shown). Interestingly, some individuals demonstrated an increase in titers from postimmunization to 12 months of age for some serotypes, and the GMC for the control serotype 5 in both cohorts increased significantly (P Ͻ 0.01) over this time period. The proportion of infants achieving putatively protective levels to serotypes 4, 9V, 18C, and 23F decreased significantly (P Ͻ 0.03) from postimmunization to 12 months for all infants, as did the proportions of term infants and preterm infants achieving putatively protective levels to serotypes 6B and 19F, respectively. The proportion of infants achieving these levels against serotype 14 remained the same. At 12 months of age, only 5 (22%) term infants and 8 (11%) preterm infants had putatively protective levels against all vaccine serotypes. The effect of preterm delivery resulted in significantly lower GMCs to serotypes 4, 9V, 18C, 19F, and 23F (P Ͻ 0.05) and reduced the odds of achieving putatively protective levels to serotypes 18C, 19F, and 23F at 12 months of age. There was a positive relationship between gestational age in weeks and GMC for serotypes 4, 6B, 9V, 18C, 19F, and 23F and between gestational age in weeks and the odds of achieving putatively protective levels to serotypes 18C, 19F, and 23F (P Ͻ 0.03) at 12 months of age. There was no significant difference in the odds of being protected against all 7 vaccine serotypes between term and preterm infants or with increasing gestational age. There was a significant increase in GMCs for both term and preterm infants for all serotypes, including the 2 control serotypes from post-primary immunizations to post-fourth dose (P Յ 0.01) ( Table 6 ). Twenty-eight term infants achieved putatively protective levels against all 7 vaccine serotypes, and the remaining infant had undetectable levels against serotype 6B. However, 9 preterm infants failed to achieve putatively protective levels against one serotype, and 1 infant did not have protective levels to two serotypes following a fourth dose of the vaccine. Preterm birth adversely affected the GMCs to serotypes 4, 6B, 14, 19F, and 23F (P Ͻ 0.01). There was a significant difference between the proportions of preterm and term infants who achieved putatively protective levels to serotype 23F (P Ͻ 0.05) but not to other serotypes postbooster.
DISCUSSION
Preterm infants have been shown to have a diminished response to Hib conjugate vaccines (1) , and this coupled with their increased respiratory morbidity (2) highlights the need to ensure that they respond adequately to immunization against pneumococcus. The findings from this study contribute important data.
Three previously published studies examining the immunogenicity of PCV7 in preterm infants vary in their methodology, including the timing of vaccine administration, and their findings (6, 13, 14) . Additionally, the inclusion in our study of infants who have required some form of respiratory support resulted in the subjects being more preterm and more sick than those in two of the other studies. A comparison of the postimmunization GMCs from our study and those from the studies by Ruggeberg et al. (13) , Shinefield et al. (14) , and Esposito et al. (6) is given in Fig. 2 .
When comparing the proportion of preterm infants achieving putatively protective levels to each serotype from our study and those from the studies by Ruggeberg et al. (13) and Esposito et al. (6), we used the cutoff of Ն0.35 g/ml. In the study by Esposito et al., a higher proportion of infants achieved putatively protective levels to serotypes 4 and 6B, while in the study by Ruggeberg et al., a higher proportion of infants had these levels to serotype 23F. Both our study and that of Ruggeberg et al. found that Ͼ90% of preterm infants had putatively protective levels against 5 or more serotypes. Shinefield et al. and Esposito et al. used a cutoff of Ն0.15 g/ml as a correlate of protection, and both studies found that Ն95% of infants achieved these levels against each serotype. The results from our study were comparable for all serotypes (data not shown), except serotypes 6B and 23F, for which only 60% and 83% of infants, respectively, achieved these levels.
All of these studies also compare the results of the preterm infants to those of a contemporaneous term cohort. Neither Shinefield et al. (14) nor Esposito et al. (6) found a difference between the responses of preterm and term infants to the PCV7 following the primary course. In contrast, Ruggeberg et al. (13) found that preterm infants had significantly lower (8) 50 (96) 94 (71) GMCs to all serotypes except 18C and that statistically fewer preterm infants achieved levels of Ն0.35 g/ml for all serotypes except 14 and 18C. In our study, preterm infants had lower GMCs and were less likely to achieve putatively protective levels to serotype 23F only. The only other study that examines the responses of preterm infants to a preterm booster dose of PCV7 is that of Esposito et al. (6) , which found higher GMCs postbooster for all vaccine serotypes. Furthermore, all of the preterm infants included in that study except one achieved putatively protective levels against all 7 vaccine serotypes following a booster dose of PCV7, whereas 10 of the 32 infants who received a booster in our study did not achieve these levels to 1 or more vaccine serotypes.
Preterm infants have previously been demonstrated to have a diminished response to Hib conjugate vaccines and, in some cases, to MCC vaccines (1, 3) . It is therefore unsurprising that preterm infants have a reduced response to PCV7 compared to that of term infants. There was, however, marked variation between different serotypes, demonstrating that like polysaccharides, some polysaccharide-protein conjugates are more immunogenic in infants than others. It is possible that we did not see a difference between the preterm and term cohorts for serotypes 4 and 6B because of the relatively small difference in gestational age between the most mature preterm infants and the least mature term infants.
Although the exact mechanisms of the immune response to conjugate vaccines remain unclear, it is apparent that it is more complicated than the immune response to a simple protein antigen. The differences in lymphocyte phenotypes between term and preterm infants could therefore be more important in the response to conjugate vaccines. The fact that there was a relationship between gestational age at birth as well as corrected gestational age and GMC for three of the vaccine serotypes suggests that at least for these serotypes, the ability to mount an immune response to the polysaccharide protein conjugate is a developmental process rather than an on/off process.
The methodology of our study allowed the preterm infants to be immunized as they would normally have been in the community. This resulted in considerable variation in the timing of immunizations, brand of other vaccines administered (especially the MCC vaccine), and whether or not vaccines were administered simultaneously. It is possible that the many variations that arose from the study design have masked some differences between term and preterm infants, even though efforts were made to control them during regression analysis. As discussed previously, the responses of term infants in this study were less than expected (12) . This could therefore mask any differences between the term and preterm cohorts. We also failed to recruit as many preterm infants to the study as we had hoped, which again could have resulted in type 2 error. The In September 2006, a new primary immunization schedule was introduced in the UK. This new schedule recommends that all infants receive DTaP/IPV/Hib at 2, 3, and 4 months of age, PCV7 at 2 and 4 months of age, and the MCC vaccine at 3 and 4 months of age. Infants are boosted with a combined Hib/ MCC vaccine at 12 months of age and a third dose of PCV7 at 13 months of age, with the measles, mumps, and rubella vaccine. Although the schedule examined in our study differed from this new immunization program, the results are still relevant. Preterm infants have significantly less maternally derived antibody than term infants. Early effective immunization is therefore important to decrease the window of disease vulnerability. This is supported by the increased incidence of IPD among preterm and low-birth-weight infants in the study by Shinefield et al. (14) . Our study found that in addition to a poor response to serotype 6B, preterm infants had a diminished response to serotype 23F, and several infants remained unprotected to at least one serotype following a booster dose of the vaccine. The implications for preterm infants immunized according to the new UK schedule remain unclear. Although studies have demonstrated equivalent immunogenicity of conjugate vaccines with a reduced number of doses but larger interval (7), it is unlikely that reducing the number of doses an infant receives will result in improved immunogenicity of the vaccine. However, if the majority of healthy term infants are well protected, it is possible that with good herd immunity and low levels of IPD, the response of a specific vulnerable individual, such as a preterm infant, to the vaccine will become less important.
Until the efficacy of the new immunization schedule is established, it will be important to consider the protection of preterm infants against IPD. Given that the majority of infants had an adequate response to a fourth dose, it is likely that the reduced response of our preterm cohort is due at least in part to immunological immaturity. A practical solution would be to offer to examine the response to PCV7 in preterm infants post-primary immunization and, if they are unprotected, to offer them an early booster dose. However, this would have significant cost implications and would require rigorous systems to ensure that at-risk infants were identified. An alternative approach would be to ensure that household contacts were immunized against pneumococcus. There is evidence that immunization with PCV7 decreases nasal carriage (8) , and therefore, if close contacts of vulnerable individuals are immunized with PCV7, those individuals are likely to be exposed to pneumococcus. In addition, there has been a decrease in the incidence of IPD in older adults following the introduction of PCV7 in the United States (10), and it has been hypothesized that this is a result of reduced transmission of pneumococcus from children to their grandparents.
